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Employing open-ended carbon nanotubes (CNTs) with and without hydrogen termination, we study the length scaling of metal-CNT contact resistance and its correlation with chemical bonding from first principles. Both models similarly show a transition from the fast-growing short-length scaling to the slow-growing long-length scaling. However, while the hydrogenated CNTs have much lower short-length resistances than H-free CNTs, Schottky barrier of the former is almost twice thicker and its eventual long-length-limit resistance becomes significantly higher. This demonstrates the critical role of atomistic details in metal-CNT contacts and localized CNT edge states for the Schottky barrier shape and metal-induced gap states. While carbon nanotubes (CNTs) have long been considered as a prime candidate for next-generation field-effect transistor channel materials, 1,2 achieving CNT transistors with dimensions suitable for future technology nodes still remains a paramount challenge. 3, 4 One of the major obstacles arises from the incomplete understanding and thus a guideline of atomic scale control of CNT-metal contacts. 5 The device function of CNT transistors operating near the ballistic transport regime arises via the modulation of Schottky barriers at the metal-CNT interfaces rather than the channel conductance. 6 However, the nature of Schottky barriers depends, in a complicated manner, on the CNT diameter, electrode metal type, and CNT-metal interface geometry, 7 and there still exist large discrepancies in both theoretical predictions and experimental results. 5 In fact, there is no agreement even on the optimal type of metal-CNT chemical bonding necessary to achieve low-resistance contacts. Most experimental efforts have focused on establishing strong metal-CNT chemical bonds. 3, 4 Meanwhile, it was also theoretically suggested that weak hybridization is ideal to form a "good" (low-Schottky barrier) contact. 8 In this work, by carrying out large-scale first-principles calculations on two (10,0) CNT models with and without H edge termination contacted to Al(111) electrodes, we study the correlation between metal-CNT contact atomic structures and junction resistances. In a previous work, we have established the significant impact of CNT diameter on the contact resistances using (8,0) and (10,0) CNTs with H-free clean edges sandwiched between Au(111) electrodes. The key consideration point in the present study is, in addition to the strength of metal-CNT bonding, the scaling of resistance with nanotube length. We find that in both junction models the length scaling changes from a Schottky-barrier-dominated short-length scaling to a CNT-body-intrinsic longlength scaling. In spite of the similar transitioning behavior, we show that the channel length where the scaling transition occurs (i.e., twice the Schottky barrier width) is almost two times shorter for the contact model based on H-free CNTs.
So, although the contact resistance of the hydrogenated CNT (with weak metal-CNT chemical bonds) is, e.g., two orders of magnitude lower than that of the H-free CNT (with strong metal-CNT chemical bonds) at the channel length of about 2 nm, it eventually becomes about two orders of magnitude higher in the long channel length limit. The nontrivial and drastically different length scaling of junction resistances with the two similar contact models and especially the reversal of their ordering in the short and long length limits not only demonstrate the critical effect of atomistic details on contact resistances but also identify a source of contradicting theoretical predictions on the nature of metal-CNT chemical bonding that minimizes contact resistances-a key unresolved issue for the successful realization of carbon nanoelectronics. We will point out that the microscopic origin of the anomalous resistance length scaling behavior is the characteristic localized states in the CNT edges, 9,10 which indicates that similar observations might be also made in graphene-based contacts.
In Fig. 1(a) , we first show the open-ended CNT models without (open) and with (H-end) hydrogen termination adopted in this work. We used (10,0) CNT with diameter 0.79 nm, because smaller-diameter CNTs have work functions that substantially fluctuate with diameter 11 and accordingly non-general metal-CNT band alignment and charge injection properties. 12 The open model is typically employed for the first-principles study of contacts based on strong metal-CNT chemical bonds. [12] [13] [14] [15] On the other hand, the H-end model represents the weak metal-CNT chemical bonding situation. The length scaling of the side-contacted junction model, which is another widely used atomistic junction model with weak metal-CNT chemical bonds, 8, [15] [16] [17] [18] [19] is more difficult to consider from first principles as the contact length can be another important variable. 4 While we leave it for future studies, we note that there exists evidence that the CNT edge is the more preferable charge injection path than the CNT side. 20, 21 The device models were finalized by sandwiching the open and H-end CNTs between two-layer 6 Â 6 Al(111) slabs. The Al-CNT contact distance was fixed at 2.5 Å , which is between the optimal values for the two This enables a straightforward comparison of the charge injection capacity of the two cases without the complication of the contactdistance dependence. Results at the optimal contact distances will amplify the differences between the two models and not modify the results presented below in a qualitative manner.
We applied a first-principles approach combining density-functional theory (DFT) and matrix Green's function (MGF) calculations. 12, 22 Density functional calculations within the Perdew-Burke-Enzhrof generalized-gradient approximation 23 were carried out using the SeqQuest program (Sandia National Laboratories), which is based on norm-conserving pseudopotentials and Gaussian basis sets. To extract the junction resistance information, we employed our in-house code that implements the MGF approach 24 and has been successfully applied to various systems including the metal-CNT contacts. 12, 22, 25 We started from the device DFT calculations, for which we adopted the double-f-pluspolarization-level basis sets for aluminium and hydrogen and the single-f-level basis set and carbon. Next, transmission function was calculated according to
where G and C are the retarded Green's function,
, and broadening function,
The self-energies R 1=2 provide the s ab initio broadening and shift of the channel energy levels attributed to the coupling between the CNTs and metal electrode 1/2. The surface green functions, a key ingredient in computing self energies accurately, were extracted from two independent bulk DFT calculations for the three-layer 6 Â 6 Â 1 Al(111) cells corresponding to the top and bottom electrodes with a single Ck jj -point sampling along the electrode-surface direction and a four-k ? -point sampling along the electrode-normal direction. Our calculations for the junction models including up to 684 atoms are one of the largest first-principles MGF studies to date. Although it is possible to treat even mesoscopic-scale junctions by patching channel resistances obtained from thousands of independent small MGF calculations, 26 it should be noted that such a scheme cannot be straightforwardly applied to the atomistic junction models that include electrodes as well as the channel itself.
In Fig. 1(b) , we show the length scaling of resistances of open and H-end CNT models, respectively, calculated using the Landauer formula
where h is the Planck's constant, M is the number of modes (M ¼ 2 for CNT), R Q ¼ h/4e 2 % 6.5 kX is the quantized contact resistance, and the last term is the channel resistance. For CNT junctions with channel length L ch longer than typical scattering lengths, e.g., low-bias mean free path K mfp of $200 nm driven by acoustic phonons, the last term dominates the length scaling and will lead to the linearly increasing resistance $L ch /K mfp as required by Ohm's law. 4, 24 However, for our short CNT models, the resistance should instead follow the expression for the tunneling in metal-insulator-metal junctions and scale exponentially according to
where R 0 is an effective contact resistance and b is the tunneling growth constant, 27 with a minimum resistance of R Q . The resistances show the minimum achievable resistance of R Q at short lengths and rapidly increase with L ch . The most noticeable common feature is the abrupt transition from the large-b to small-b scaling regimes (from 0.38 to 0.11 at 2.7 nm for the open model and from 0.52 to 0.16 at 4.7 nm for the H-end model). While similar transition behavior was previously observed for some molecular wires, 28, 29 we point out that the physical origin in the two cases is different. In the molecular junction experiments, the longlength scaling is linear and originates from the thermally activated hopping, i.e., the transition results from the change in the charge transport mechanism from coherent tunneling at short lengths to incoherent hopping at long lengths. On the other hand, the long-length scaling in our CNT models also originates from tunneling as the short-length scaling. Indeed, the linear-scale plots of R versus L ch for long CNTs are exponential, as shown in the insets of Fig. 1(b) . Therefore, instead of a change in the transport mechanism, the transition corresponds to that from the Schottky-barrier-dominated interface to the CNT-body-dominated intrinsic conductance regimes.
One important quantitative difference between the two scaling curves is the transition length, i.e., 2.7 and 4.7 nm for the open and H-end models, respectively. The transition length effectively defines (twice) the Schottky barrier width (2012) or (twice) the decay length of metal-induced gap states (MIGS) that will be discussed below. Overall, the above difference implies that the Schottky barrier shape (especially width) depends sensitively on the bonding characters of metal-CNT contacts.
In Fig. 1(b) , we finally note that the difference in the transition length (or Schottky barrier width) results in the resistance of the H-end model (with weak metal-CNT chemical bonds) being lower than that of the open model (with strong metal-CNT chemical bonds) for short L ch (below $4.5 nm), which is the opposite of the eventual ordering in the long L ch limit. This identifies the origin of the controversy on the metal-CNT bonding strength required for optimal contacts and, more generally, explains the limited relevance of most previous first-principles studies (based on short CNT models and/or without checking the resistance length scaling) for the actual device engineering.
To understand the peculiar length scaling behavior of the two junction models, we now analyze the metal-CNT charge transfer, spatial distribution of energy levels including MIGS, and transmission in detail using the 12-unit open and H-end CNT models (with L ch of 5.5 nm and 5.7 nm, respectively, i.e., in the long-length regime) as shown in Figs. 2(a) and 3(a) , respectively. First, we the plane-averaged real-space charge redistributions resulting from the metal-CNT interaction Dq ¼ q CNTþAl À ðq CNT þ q Al Þ and integrated plane-averaged charge density differences QðzÞ ¼ The net Al-to-CNT charge transfer is the strongest in the interface gap region but also penetrates into the CNT by several angstroms. Meanwhile, for the H-end model, much smaller net CNT:H-to-Al electron transfer and its faster decay along the CNT and Al are observed.
The above-described electrostatic information discriminates the open and H-end models, and, e.g., the significantly smaller resistance of open compared with that of H-end in the long-length limit can be correlated with the much larger charge transfer in the former. However, the contrasting scaling transitioning behavior, particularly the much smaller resistance of weakly bonded H-end in the short-length limits cannot be explained by the amount of charge transfer alone. Therefore, we next examine the energy-level alignment and energy-dependent charge injection properties analyzed by the local density of states (LDOS) and transmission, respectively.
Comparing Figs. 2(c) and 3(c) for open and H-end, respectively, we note, e.g., the stronger n-type (or more downshifted) band alignment of open than H-end in agreement with the difference in the amount of charge transfer. More importantly, we observe a clear and more microscopic picture that signifies better metal-CNT electronic connectivity in the open model than in the H-end counterpart; while LDOS around the metal-H-end CNT contact regions are distinctively disconnected [ Fig. 3(c) The only exception to the above-described comparative features of LDOS spectra result from MIGS (indicated by red left triangles) that are energetically located between the valence and conduction band edges and spatially formed near the metal-CNT contact area and exponentially decay into the CNT body. While the transmissions resulting from these MIGS are negligible for the CNT models in the longlength limit [Figs. 2(d) and 3(d) ], they in fact determine the short-length limit resistances [ Fig. 1(b)] . Comparing now the H-end and open models, we find that, in contrast to other states, MIGS LDOS of H-end located at E F are more pronounced than those in open that appear below the conduction band edge. Using the open model, we have previously pointed out that the strength of these MIGS and associated interface dipole (or the amount of charge transfer) can be stronger for narrower-diameter CNTs. 12 However, the atomic structure of CNT edges is apparently a more important factor in determining the nature of MIGS, which induced the very low contact resistances of the short H-end models as observed in Fig. 1(b) . To be specific, the origin of MIGS pinned at E F is the localized states appearing at the hydrogenated edges of graphene sheets. 9 We note that such localized states also coexist with the dangling bond states at the dehydrogenated pristine graphene edges. 10 However, our data show that although the identity of localized states in the hydrogenated graphene/CNT edges are well-preserved even after the weak bonding with metals, the localized states in the H-free graphene edges more easily lose their characters upon strong metal-graphene/CNT bonding.
In summary, by observing the length scaling of contact resistances obtained from first principles, we have demonstrated the strikingly sensitive dependence of Schottky barrier shape and associated interface dipoles and MIGS on the atomistic details of metal-CNT contacts. We showed that the quality of contacts can be fully understood only by looking into both the long-length limit resistance (transmission curve) and the local chemistry (LDOS plot). Localized states ubiquitous to graphene/CNT edges were identified as an important source of MIGS, which can critically affect the charge injection behavior and result in an anomalous resistance length scaling. The fact that the MIGS decay length can vary substantially according to the atomic structure of metal-CNT contacts and the MIGS-dominated contact region can extend up to $5 nm should have significant implications in realizing sub-10 nm CNT transistors.
